Do stellar interferometry observations indicate UV modification of gravity? 
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Recently it was demonstrated that the theoretical predictions for the Planck scale space-time 
fluctuations derived by the simultaneous consideration of quantum mechanics and general relativity 
fail by many orders of magnitude against the stellar interferometry observations. We propose the 
explanation of this puzzle based on the short distance modification of gravity. Roughly speaking 
the criterion of this modification to fit the astronomical observations is that the gravitational radius 
of the mass as large as ~ lO^^kg should not exceed ~ 10~'^^cm. From this point of view we 
consider the modification of Newtonian inverse square law due to Yukawa type correction and the 
modification due to quantum gravitational corrections obtained in the framework of nonperturbative 
RG approach. The latter one does not satisfy the required criterion for modification. 

PACS numbers: 04.60.-m, 95.75.Kk, 



I. INTRODUCTION 



After the invention of quantum mechanics, the need to 
make it consistent with special relativity led to creation 
of relativistic quantum mechanics and quantum field the- 
ory subsequently In (relativistic) quantum field the- 
ory, due to the possibility of pair creation, a single par- 
ticle cannot be localized more closely than its Compton 
wavelength without losing its identity as a single particle 
0. The vexing problem of unifying the general rela- 
tivity with quantum mechanics remains a holy grail of 
theoretical physics. From the very outset one sees that 
there is an important difference between the quantum 
mechanical space-time and the general relativistic one. 
In quantum mechanics the space-time is regarded as an 
essentially absolute, not affected by the processes taking 
place inside it. While in general relativity the space-time 
is given in terms of gravitational field that undergoes 
some evolution during the physical process and therefore 
becomes dynamical. Frequently we speak of length and 
time intervals, i.e., space and time, without asking crit- 
ically how one actually measures them. It is clear that 
the coordinate system is defined only by explicitly carry- 
ing out the space-time distance measurements. Wigncr 
and subsequently Salecker and Wigner considered first 
this problem by applying simultaneously the principles 
of quantum mechanics and general relativity 0. The 
analysis based on the gedankenexperiment for space-time 
measurement shows that the quantum fiuctuations of ge- 
ometry becomes of the same order as the geometry itself 
at the Planck scale resulting therefore in the notion of 
minimal observable length beneath of which the geomet- 
rical properties of space-time may be lost Q . This would 
give space-time a foam-like structure at sub-Planckian 
distances, for instance it may show up a fractal struc- 
ture at this length scale while on larger scales it would 
look smooth and with a well-defined metric structure. 



Planck length, Ip, beneath of which the very concepts of 
space and time lose their meaning may play a role anal- 
ogous to the speed of light in special relativity. If so, it 
means that Planck length sets an observer independent 
minimum value of wavelength. A quantum uncertainty 
in the position of a particle implies an uncertainty in its 
momentum and due to gravity-energy interaction leads 
to uncertainty in the geometry introducing in its turn 
an additional position uncertainty for the particle. Due 
to gravitational effects the minimum uncertainty in the 
position of a particle with energy E takes the form 



Sx > 
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showing therefore that the Planck scale determines the 
lower bound for particle localization no matter what its 
Compton wavelength, E~^, is Q. (Throughout this pa- 
per we set h = c = 1). By taking into account the grav- 
itational effects one can also argue that it is impossible 
to accelerate a particle to post-Planckian energies 0. 

The above conclusions concerning the Planck scale ef- 
fects rely on the simultaneous consideration of usual prin- 
ciples of quantum theory and general relativity. Loosely 
speaking in the framework of general relativity the New- 
tonian inverse square law is understood to be valid 
for length scales from infinity to roughly the Planck 
scale. Thus far the direct experimental tests for the 
short distance behavior of gravity arc at sub-millimeter 
scale , while , loosely speaking, quantum theory (elec- 
troweak interactions) is probed at distances approaching 
^ 10~^^cm. Therefore it is important to notice that the 
fundamental role attributed to the Planck length is based 
on the assumption that the gravity is unmodified over the 
30 orders of magnitude between where it is measured at 
^ 10~^cm down to the Planck length ~ 10~'^^cm. For the 
direct test of gravitational interaction at short distances 
is highly nontrivial problem, it is interesting therefore if 
indirect experimental measurements can shed some light 
on the question and guide us to get some understanding 
of the gravity behavior at relatively short distances. In 
what follows we discuss the UV modification of gravity in 
light of the discrepancy between the stellar interferome- 
try observations and the theoretical predictions of Planck 
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scale space-time fluctuations demonstrated in [6|, 13 . We 
think UV modification of gravity is most natural (and 
perhaps most exciting) possible outcome of the puzzle. 



II. SPACE-TIME MEASUREMENT 

Let us consider a gedankenexperiment for distance 
measurement proposed in |^. Our measuring device is 
composed of a spherical clock localized in the region 
6x = 2rc and having a mass nic, which also serves as 
a light emitter and receiver, and a spherical mirror of ra- 
dius 1/2 and mass m surrounding the clock, (rc denotes 
the radius of the clock), Fig.l. We are measuring a dis- 
tance I by sending a light signal to the mirror under as- 
sumption that at the moment of light emission the centers 
of clock and mirror coincide. However, quantum uncer- 
tainties in the positions of the clock and mirror introduce 
an inaccuracy 51 during the measurement. (Throughout 
this paper we set h = c = 1). 

Assuming the minimal uncertainty the spread in veloc- 
ity of the clock can be found as 5vc = Spc/rric = \/2mc.6x 
and analogously for the mirror as (5w,„ = l/2(m + mc)l. 
After the time t = I elapsed by light to travel along the 
closed path clock-mirror-clock the total uncertainty dur- 
ing the measurement takes the form 
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2mc5x 2(m 4- mc)l 
which after minimization with respect to 5x gives 



5x = 
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This uncertainty diminishes with increasing masses of the 
mirror and clock. But the masses are limited by the re- 
quirement the clock and the whole device as well not to 
collapse into the black hole. In other words the size of 
the clock(mirror) should be greater than twice its gravi- 
tational radius. So by equating the size of the clock, dx, 
to its gravitational radius taken with factor 2, one gets 
the maximum allowed mass of the clock 



I 



32^4 



1/3 



and then equating the size of the measuring device, I, 
to its gravitational radius taken again with factor 2 one 
finds the maximal allowed mass of the mirror 

I 

In this way from Eq.(^ one gets the minimum error in 
measuring a length I to be 



5l„,,,, = {lQlllY'^ + 2lll-^ 



(2) 



From this equation it follows immediately that there ex- 
ists the minimal observable length of the order of ~ L. 




FIG. 1: The device for distance measurement. 



From Eq.|21) one readily gets the minimal uncertainty 
in time measurement, dtmin, by replacing Ip and I with 
tp and t respectively. Since the first term in Eq.® is 
much greater than the second one for I ^ Ip and they 
become comparable at Z ~ ^p, one can say with no loss 
of generality that for / > Ip our precision of space-time 
measurement is limited by the measurement process itself 
such that 
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(3) 



Loosely speaking, in Eq.Q one can consider the first 
and second terms as the uncertainties contributed to the 
measurement by the clock and mirror respectively. Due 
to maximal symmetry of the measuring device consid- 
ered here one can hope it provides minimal uncertainty 
in length measurement. 

The above discussion to be self-consistent let us notice 
that due to Eq.Q the wavelength of photon used for 
a measurement may be known with the accuracy SX ^ 
(ZpA)^/"^ that results in additional uncertainty 



Slil>2'/^lllf' + ^SX>2^/^ 
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(For the sake of simplicity we assume that the wave 
length of the photon is not affected by the gravitational 
field of the clock). For A can not be greater than I in 
order to measure this distance the latter term in Eq.l^J 
can be minimized by taking A ~ L In this case the lat- 
ter term becomes comparable to the first one and there- 
fore justifies the Eq.©. So, in general one can say that 
our precision in space-time distance measurement is in- 
herently limited by the measurement process itself such 
that 



,2/3, 
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The quantum with momentum p has the wavelength 
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A = 27rp ^ and from Eq.Q For the energy-momentum 
uncertainties one gets 



Sp 
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24/3p5/3 
(27r)2/3, 
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SE=pE-^Sp . 
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III. ASTRONOMICAL OBSERVATIONS 

An interesting idea proposed in |^ is to consider the 
phase incoherence of light coming to us from extragalac- 
tic sources. Since the phase coherence of hght from an 
astronomical source incident upon a two-element inter- 
ferometer is necessary condition to subsequently form in- 
terference fringes, such observations offer by far the most 
sensitive and uncontrovcrsial test. The interference pat- 
tern when the source is viewed through a telescope will be 
destroyed if the phase incoherence, Sip, approaches 27r. In 
other words, if the light with wavelength A received from 
a celestial optical source located at a distance / away pro- 
duces the normal interference pattern, the corresponding 
phase uncertainty should satisfy the condition 

Sif < 271 . 

The energy-momentum uncertainties, Eq.jSj), result in 
uncertainties of phase and group velocities of the photon 
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The light with wavelength A traveling over a distance I 
accumulates the phase uncertainty 



{SVp + SVg) , 



(6) 



where 5{vp/vg) stands for maximal deviation of the ratio 
Vp/vg due to fluctuations (5up, 5vg taking a ± sign with 
equal probability. Using the Eas. (|5l6|) one finds 



(5(^« 58.0513 



A5/3 



(7) 



Consider the examples used in 0. The Young's type 
of interference effects were clearly seen at A = 2.2/im 
light from a source at 1.012 kpc distance, viz. the star S 
Ser, using the Infra-red Optical Telescope Array, which 
enabled a radius determination of the star j^. Using 
these values of wavelength and distance from Eq. Q one 
gets 

5lp « 6.74 X 10^°/^ . 

Airy rings (circular diffraction) were clearly visible at 
both the zeroth and first maxima in an observation of 
the active galaxy PKS1413+135 {I = 1.216 Gpc) by the 



Hubble Space Telescope at 1.6/im wavelength Cor- 
respondingly, using the Eq.© one gets the phase inco- 
herence 

5if « 1.37 X 10^^/^ . 

This idea was further elaborated in by observing 
that the uncertainty in length measurement will lead 
to apparent blurring of distant point sources observed 
through the telescope confirming the above huge discrep- 
ancy between the theoretical predictions and the astro- 
nomical observations. 



IV. DISCUSSION 

From the preceding section one sees that the theoret- 
ical prediction for minimum lengths uncertainty in mea- 
suring the length of the order of fim is about 14 
orders of magnitude greater in comparison with astro- 
nomical observations. The extent to which a rigorous 
physical meaning can be attributed to Eq.(|3J) must be 
founded on a direct appeal to experiments and measure- 
ments. The only ingredients used in derivation of mini- 
mum length uncertainty are position-momentum uncer- 
tainty relation and the standard expression of gravita- 
tional radius. Therefore the contradiction between the- 
oretical results and experiments can be understood as a 
failure of at least one of these ingredients. From section 
II one sees that the size and the mass of the clock giving 
the minimal uncertainty in measuring a distance I are 
given by 



;;4/3;i/3 



By taking into account that rc is comparable to the grav- 
itational radius of the clock evaluated on the bases of 
inverse square law and experimentally established lower 
limit to date for the Newtonian inverse square law is 
^ lO^^cm, one can say for sure that the Eq.Q describes 
physical reality for I > lO^^cm but can not be consid- 
ered as rigorously established result beneath this length 
scale. In analyzing astronomical observations considered 
in 1^ 01 we are evaluating the uncertainty for the pho- 
ton wavelength being of the order of ~ /im by means 
of Eq. (O assuming thereby the validity of Newtonian in- 
verse square law and the Heisenberg position-momentum 
uncertainty relation at the lengths scale ~ 10~^^cm. Sim- 
ply speaking the position-momentum uncertainty rela- 
tion is based on the de Broglie relation plus simple prop- 
erties common to all waves. If we want to measure the 
localization of some particle with accuracy Sx we need 
to use the quantum (photon for instance) the wavelength 
of which X < 6x. Due to de Broglie relation, such a 
quantum is characterized with momentum 



P ' 



and during the scattering on the particle being observed 
imparts to it the momentum Sp evaluated roughly as Sp ~ 
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p leading thereby to the position-momentum uncertainty 
relation 

Sx Sp > 1 . 

The length scale ^ lO^^'^ is corresponding to the ultra- 
high energy cosmic rays, let us assume the position- 
momentum uncertainty relation is valid at least up to 
this scale. If position-momentum uncertainty relation 
is maintained, then weak spot in evaluation of 

minimum length uncertainty should be considered the 
use of Newtonian inverse square law at the length scale 
~ 10~^^cm. 

Considering the modified gravity law 

/(r, m) 



500 — ffrr 
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for the gravitational radius one finds 

rg = f{rg, to) . (8) 

As it was discussed in section II the maximal allowed 
mass of the clock is determined through the equation 



2to"°^ 



(9) 



which together with the Eq.ljH)) determines gravitational 
radius of the clock giving the minimal error in measure- 
ment of a given length I as a function of / 

r, = /(rg, l/8rg) . (10) 

Knowing the maximal allowed mass of the clock one can 
determine the maximal allowed mass of the mirror as a 
function of I through the equation 

I ^ 2/(//2, m""^ +TO™'^^) , 

and estimate the minimum length uncertainty by means 
of Eq.^ as 
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(11) 



2 (m™°^ + TO™"^') 

where rg{l) is the solution of Ea. HlU|l . Let us omit the 
second term in Ea. Hll|) which decreases with I and for 
the length scale ~ //m, which is the case in the above 
considered experiments, can be neglected in comparison 
with the first term. Then for the phase and group velocity 
uncertainties of the photon one gets 
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A ' " A dX 
Correspondingly the phase incoherence accumulated 
along a distance I takes the form 
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A dX 

This equation combined with the second example of 
astronomical observation (HST image of PKS1413+135) 
puts the following limit 

rg{X = l.Gfim) < 0.85 x 10"^^cm. 



From Eq.Q one sees that the clock mass corresponding 
to this gravitational radius satisfy 

TOc > 0.12 X lO^'^kg . 

Besides this restriction on rg{X), from Ea. H12|l one sees 
that drg{X)/dX is also subject to the constraint due to 
experimental observations. 

To illustrate the discussion let us consider the running 
Newtonian constant of the form 

Gir) = ll{l~ae-^/^") , (13) 

the direct experimental test for which in the case |q;| > 1 
sets tq < 197 X lO^'^cm @. Correspondingly, the equa- 
tion for the gravitational radius takes the form 



rg = 2llm (l ~ ae-''"/''") 



We notice that the Yukawa type correction to the New- 
tonian inverse square law with negative a is inconsistent 
for our purposes. From the above discussion one finds 
that gravitational radius of the clock giving the minimal 
error in measuring of a given length I is determined by 
the equation 
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Taking the upper bounds for the parameters ^^(A = 
1.6/im), To, for parameter a one finds 




-~38\ „0. 43x10" 



(1 - 0.58 X 10~^^) e 



So, in this case a equals 1 with a great accuracy. Denot- 
ing r'g = drg/dl one finds 



Using the above parameters, from Ea. H14|l one gets 



(14) 



r' (A l.e^im) « 72.06 x 10 



-38 



Therefore the running Newtonian constant H13|l for awl 
satisfies the experimental constraints on Ea. l|12|l . 

Another example of running Newton constant obtained 
by means of the Wilson-type effective action has the form 



by n 

Ell 



G(r) = 



2.504/2 (r -t- 4.5;2m) ' 



where m is the mass of the source. By taking the quan- 
tum corrected equation for gravitational radius as |llj 

Tg = 2G{rg)m , 

one finds the following expression for outer horizon 
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rg/llm = 0.667 + 0.265 (l6 - 139.5 1 + 10.392 - 0.204)(176.392 + t) 

0.41(3t-4) 
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(l6 - 139.5 1 + 10.392i/i(t - 0.204)(176.392 + t] 
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(15) 



where t = 2.504mp/m^. (An interesting feature of this 
running Newton constant is that there is a critical value 
of mass, tcr = 0.204, rricr = 3.503 mp, below which 
the horizon disappears and leads therefore to the black 
hole remnants of about Planck mass [H 113.) From 
Ea. (|15|l one sees that this running Newtonian constant 
gives practically the standard value of gravitational ra- 
dius for m ~ lO^^kg and therefore does not satisfy the 
criterion for explaining the astronomical observations of 
the preceding section. 

The basic conceptual point coming from the gedanken- 
experiment for space-time measurement is that quantum 
fluctuations of measuring device in the process of mak- 
ing measurement does not allow the space-time intervals 
to be precisely determined. In other words the space- 
time is disturbed by the measurement process itself lim- 
iting thereby our precision in space-time measurement. 
Therefore, one should take note of difficulty in evaluating 
of space-time disturbance during the real measurement 



stemming from the fact that in the real measurements 
we are not using optimal devices minimizing the space- 
time uncertainties caused by the measurement process 
itself. 
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